RNA interference (RNAi), a post-transcriptional gene silencing method discovered in 1998, has been used in basic research in almost every area of biology to silence genes in order to learn about their function. This technology also has many potential applications in molecular medicine, in agriculture and many other fields. RNAi has been extensively used to understand the molecular basis of physiological, developmental, behavioural and reproductive processes in insects. This technology also has a potential to assist in developing target-specific management methods for insect pests and pathogens that cause diseases in beneficial insects. Recent literature on RNAi methods and their applications for controlling insect pests and pathogens that cause diseases in beneficial insects will be reviewed.
Introduction
Genetic information is stored in DNA, which is transcribed into RNA. The RNA molecules perform various regulatory and synthetic functions and some of the RNAs are translated into proteins (Fig. 1 ). RNAs and proteins control almost every aspect of life including growth, development, reproduction and behaviour. The major mechanisms used to control these processes include the selective activation and inactivation of genes to produce specific RNAs and proteins in precise amounts over time and space (tissues and cells) in response to the internal and external signals received. The selective activation of genes is often referred to as gene expression.
The gene expression and protein function are regulated at several stages such as transcription, processing, transport and degradation of mRNA, translation of mRNA into proteins and processing, transport and degradation of proteins. The regulation of gene expression and protein function are generally conducted by proteins; however, recent studies suggest that RNAs, especially microRNAs and small interference RNAs (siRNA), also control gene expression and protein function [1] . While microRNAs are produced endogenously in the nucleus of an organism, siRNAs are typically the processed products of double-stranded RNA (dsRNA) of external origin. The target-specific interference of siRNA processed from dsRNA in mRNA transcription, stability and translation, resulting in reduction or deficiency of protein produced from the target gene, is often referred to as RNA interference (RNAi) [1] .
Since its discovery, the RNAi technology has been extensively used in basic research and found many applications in human as well as plant health and many other fields [2, 3] . As a result, the journal Science declared RNAi as the technology of the year in 2002 and the Nobel Prize for Medicine was awarded to the discoverers of RNAi, Fire and Mello, in 2006. The literature on RNAi has grown exponentially during the past decade (Fig. 2) ; some excellent reviews that discuss this technology and its applications have been published recently [2] [3] [4] [5] [6] . In this review, I will focus my discussion on RNAi technology in relation to basic research and applications with an ultimate goal of designing target-specific pest management methods using this exciting new technology. 
RNAi technology
Historical prospective
In the early 1990s, an unexplained genetic phenomenon of gene silencing was observed in Petunia plants. When a gene coding for a key enzyme involved in pigmentation was introduced into the plants to increase production of enzyme resulting in increased conversion of substrate to purple molecules, scientists observed no increase but rather a decrease in purple colour [7] . Further studies showed that not only the introduced gene was not expressed, and the endogenous gene coding for this enzyme was also suppressed and this phenomenon was called co-suppression and the exact molecular mechanism was not determined [8] . Later on, such gene silencing was reported in viral resistance in plants and animals. When a
La Crosse virus gene was inserted into an infectious
Sindbis virus expression vector, it caused suppression of virus replication [9] . Similar approaches were also used to engineer resistance to California serogroup virus replication in mosquito cells and mosquitoes [10] . Sequencespecific silencing of gene expression was also reported in fungus Neurospora crassa; however, the mechanism of silencing was not fully understood in this case either [11] . The dsRNA as the agent responsible for gene silencing phenomenon was discovered in nematode by Fire and Mello in 1998 [1] . Within 3 years after the discovery of RNAi, functioning of RNAi was demonstrated in nematodes, insects, plants and trypanosomes [12] [13] [14] [15] [16] [17] [18] [19] [20] . The first successful RNAi after exposing mammalian cells to the siRNA was reported in 2001 [21] . Numerous improvements to design, synthesis and delivery of dsRNA or siRNA during the next few years led to the development and testing RNAi applications in human and plant health [22] [23] [24] [25] [26] [27] [28] [29] . Scientists working on the fruit fly, Drosophila plant protection propose to employ dsRNA produced in plants, bacteria or in vitro as an insecticide. As outlined in Figure 3 , the dsRNA in the cell is processed by enzyme dicer, which cuts the dsRNA randomly into siRNA of 18-21 by in length [55] [56] [57] . The siRNA is then recruited to the RNA-induced silencing complex (RISC) containing a number of proteins including argonaute proteins [58, 59] . The RISC complex facilitates siRNA hybridization to the complimentary polynucleotide strands such as mRNA resulting in blocking one or more steps of replication, transcription and translation [60] . The final result of this siRNA hybridization is the reduction (knockdown) or complete elimination (knockout) of protein produced by the target gene, thus leading to knockdown or knockout effect of the target gene. Because of the lack of interferon response induced by long dsRNAs in insects, 
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Controlling insect pests Soon after RNAi methods were developed, two groups employed this technology to express dsRNA targeting insect genes in plants and showed that the expression of target genes in insects feeding on transgenic plants containing dsRNA was reduced and affected survival of target insect pests on transgenic plants [61, 62] . These early reported [65] [66] [67] [68] [69] [70] [71] [72] [73] [74] [75] [76] [77] . These studies showed that it was possible to feed dsRNA and achieve silencing of target genes in several insect species. However, the major challenge in achieving insect control by feeding dsRNA is the availability of cost-effective methods of producing large quantities of dsRNA. Production of dsRNA in the bacteria could be developed into a cost-effective method.
In the nematode Caenorhabditis elegans, dsRNA delivered through bacteria was able to silence genes and was successfully used for genome -wide analysis of gene function [78, 79] . A bacterial strain that is deficient in RNAase III (an enzyme that degrades dsRNAs in the normal bacterial cell) was used to produce dsRNA. Recent studies in Colorado potato beetle [80] , tephritid fruit fly [81] and beet armyworm [82] showed that the efficient induction of RNAi when bacteria expressed dsRNA was fed to these insects suggesting that using bacteria to deliver dsRNA is a possible method that could be used for the management of pests. The cost per application is much lower for bacterially expressed dsRNA when compared with in vitro synthesized dsRNA. The cost will be an important factor in choosing a method of producing dsRNA for pest management. In most RNAi studies, often a knockdown but not a knockout of gene expression is achieved; therefore, the silencing of gene and its effect is usually transient. To avoid the risk of resistance development, a continuous delivery of dsRNA for the target gene is required. Because of lower costs and the ease in manufacturing large quantities, bacterially expressed dsRNA could be sprayed on the crop plants whenever necessary.
Recent reports indicate that dsRNA effects are highly species-specific, even when targeting highly conserved genes [83] . To overcome the insecticide resistance, dsRNA-based insecticides may have advantages when compared with the chemical insecticides. If an insect pest develops resistance to one particular dsRNA-based insecticide, it would be easier to switch to another dsRNA designed for a different region in the same target gene or a new gene. Use of in vitro synthesized dsRNA for controlling insect pests and pathogens that attack insects has also been proposed. In vitro synthesized dsRNA targeting an inhibitor of apoptosis protein I gene was topically applied to Aedes aegypti, which was able to control these mosquitoes [84] . Although, it is relatively straightforward to synthesize large quantities of dsRNA in vitro, cost of production is the major factor that needs to be considered in order for these dsRNA-based insecticides to compete with chemical insecticides.
Controlling pathogens that affect beneficial insects
Many beneficial insects are attacked by pathogens that cause serious diseases and reduce their ability to perform beneficial functions. Therefore, various methods have been developed to control pathogens that attack beneficial insects. After RNAi was discovered and developed, several groups applied this technology to control pathogens that attack beneficial insects. Feeding or injection of dsRNA targeting specific genes in the Israeli acute paralysis virus that infects honey bees caused an efficient knockdown in the expression of target genes, and resulted in a reduction in the virus disease [85] . Recently, a dsRNA product Remebee -1 from Beeologics Inc., Miami, Florida, USA was successfully tested in field trails to control Israeli acute paralysis virus infection of honey bees [86] .
Another interesting and practical application of RNAi to control diseases of beneficial insects is the use of this technology to control baculovirus-induced disease in silkworms. Bombyx mori nucleopolyhedrovirus (BmNPV) causes devastating viral disease in the silkworm B. mori. Transgenic silkworms expressing dsRNA targeting lef-1 genes of BmNPV were produced [87] . BmNPV production was reduced in transgenic silkworms expressing dsRNA relative to controls up to 96 h after viral inoculation. However, complete protection was not achieved; the transgenic insects inoculated with BmNPV eventually succumbed to virus infection [87] . Later, dsRNA directed against ie1 early gene of BmNPV was shown to perform better than the previous viruses in protecting silkworm. Transgenic silkworms expressing dsRNA targeting the id gene of BmNPV induced long-term inhibition of BmNPV, with nearly 40% protection compared with control animals [88] .
Blocking disease transmission by insect vectors
RNAi methods are also being used to understand hostparasite interactions in insects that transmit pathogens of deadly diseases of humans with an ultimate goal of using this information to block transmission of pathogens by insects. Injection of dsRNA into Anopheles gambiae adults caused an efficient and reproducible silencing of defensin gene and showed that defensin plays an important role in mosquito antimicrobial defence against Gram-positive bacteria [89] . The function of a complement-like protein, TEP1, was determined in A. gambiae by injecting dsRNA targeting this gene into adults. Knockdown in the expression of TEP1 gene increased the number of developing parasites in the susceptible strain and abolished melanotic refractoriness in a genetically selected refractory strain [90] . Subsequently, a number of studies in different mosquito species used injection of dsRNA into adults to determine the function of various genes involved in host-parasite interactions and immune response [91] [92] [93] [94] [95] [96] [97] [98] [99] [100] [101] [102] [103] [104] [105] . Replacement of natural populations of insect vectors with genetically modified transgenic insects that are refractive to disease-carrying pathogens is also being explored as a method to prevent transmission of diseases by insect vectors. RNAi methods are being developed to produce transgenic insects that are refractive and to drive these genetic elements into population [106] [107] [108] .
RNAi for identifying target sites for controlling insect pests
Beetles constitute one of the largest groups in the animal kingdom. RNAi appears to be highly efficient and systemic in beetles. RNAi has been used extensively in the red flour beetle, Tribolium castaneum, a pest of stored products. Injection of dsRNA into the haemocoel of the pupae of this insect caused an efficient knockdown in the expression of zygotic genes in the embryos developed from the eggs laid by female adults that enclosed from the dsRNA injected pupae [20] . Later on, Tomoyasu et al. reported that injection of dsRNA into grown larvae resulted in knockdown in the expression of target genes in the pupae as well as adults developed from these larvae [28] . After these initial studies, RNAi interference achieved by injection of dsRNA has been extensively used to determine functions of a number of genes involved in growth, development, reproduction and insecticide resistance in this insect . Although gene silencing has been reported after feeding dsRNA to T. castaneum larvae [83] , most of the studies reported to date used the injection of dsRNA method. The RNAi effect in T. castaneum appears to be highly effective because injection of minute quantities of dsRNA causes efficient knockdown in gene expression suggesting an amplification of injected dsRNAs, most likely through siRNAs produced from the injected dsRNA. The RNAi effect in T. castaneum is also systemic and is not cell-autonomous. RNAi in T. castaneum has been extensively used to identify genes that are critical for growth, development and reproduction of this insect [124, 127, 136] .
The western corn rootworm, Diabrotica virgifera virgifera, is another coleopteran insect where RNAi has been used to identify target genes that could be used for controlling this pest [61] . In a recent study, orthologues of laccase 2 and chitin synthase 2 genes were silenced by injecting dsRNA of these genes into this beetle [137] .
Conclusion
Since its discovery in 1998, RNAi has been extensively used in many fields including entomology and helped in identifying functions of many genes involved in physiological, developmental, behavioural and reproductive process of insects. The contribution of RNAi to the basic understanding of insect structure and functions is irrefu- Colorado potato beetle that attack crops grown on smaller farms and green houses. Spraying of in vitro synthesized and formulated dsRNA using existing machinery used for insecticide applications may also work. In order for RNAi methods to be successful, more research needs to be conducted to improve knockdown efficiency of target genes in sucking pests. Availability of reliable methods for knocking down genes in sucking pests will definitely help the adoption of this technology for controlling this group of pests. Other areas that need more work for successful application of RNAi technology in the field are; development of improved methods for production and delivery of dsRNA in the field and effect of dsRNA on non-target organisms. There is no question that one day methods based on RNAi technology will be used to manage insect pests, disease-carrying vectors and pathogens that cause diseases in beneficial insects. However, how soon this will occur depends on how well the research community responds to existing needs and develops the necessary technology for production and application of RNAi-based insecticides in the field.
